As part of ongoing studies aimed at characterizing molecular components involved in the ecophysiological adaptations of native xerophytic plants from central Argentina, we demonstrated the presence of compatible solutes in Flourensia campestris (FC) and Flourensia oolepis (FO), specifically glycine betaine (GB) through TLC, LC, 1 H NMR and 13 C-NMR. GB content (leaves: 38 ± 7 μmol g −1 DW; adult plants N seedlings), and distribution (capitula N vegetative leaves N reproductive leaves N shoots N roots) were similar to other quaternary ammonium compound (QAC) accumulators. Flourensia seedlings from both species protected from UV-B exposurea major abiotic stress in these natural environmentsshowed a significant increase of GB in the leaves (p b 0.01) and a significant decrease in the roots (p b 0.05). In FC and FO xerophytic shrub-dominated communities QACs were detected for the first time in 41% of co-occurring species (N = 39), 14 of 28 natives (50%) and 2 of 11 exotics (18%), being GB in natives only (57% of QAC accumulators). GB may be considered as a chemotaxonomical character for the genus Flourensia, since it was also detected in Flourensia hirta, Flourensia niederleinii, Flourensia riparia, Flourensia fiebrigii, Flourensia macroligulata and Flourensia heterolepis. Our controlled UV-B experiments, set up in the same natural environment where these species grow, clearly show that solar UV-Band therefore oxidative stressis involved in regulating GB contents and within-plant distribution in FC and FO seedlings. The findings in Flourensia co-occurring native species suggest that QACs accumulation may be considered as a community-specific ecophysiological trait in these xerophytic environments.
Introduction
The genus Flourensia (Asteraceae) belongs to the subtribe Ecliptinae, tribe Heliantheae (Robinson, 1981) , and comprises about 25 species of resinous shrubs that grow from southern United States to Argentina and Chile, twelve of which are present in Argentina (Funk et al., 2009) . Two endemic species of the genus live in Central Argentina: Flourensia campestris Griseb (FC) and Flourensia oolepis S.F. Blake (FO) (Dillon, 1984) . They are commonly known as "chilcas", and have been traditionally used as aromatic, tinctorial andspecially their rootsas firewood (Barboza et al., 2009) . FO and FC show distinct spatial distribution and are frequently found growing at high densities in almost pure stands known as "chilcales" (Luti et al., 1979) , in natural environments characterized by abiotic stress conditions (e.g., elevated UV-B, droughts, skeletal soils, low and high temperatures). We recently isolated a phytotoxic compound (−)-hamanasic acid A from FC and FO (Silva et al., 2012; López et al., 2013) that accumulates at high concentration on plant surfaces, which suggests its allelochemical potential in the adaptive strategies displayed by these species; the same compound was also characterized in other two from five South American Flourensia species (López et al., 2013) .
The effects of stressful conditions on plants such as drought, salinity, high radiances, and high and low temperatures can have a major impact on plant growth and survival. In order to cope with these stresses plants have evolved an array of defense mechanisms which involve dynamic, complex cross-talk between different regulatory levels, including adjustment of metabolism and gene expression for physiological and morphological adaptations (Krasensky and Jonak, 2012) . In response to osmotic and oxidative stress, many plant species accumulate significant amounts of small molecules (compatible solutes) including sugars, polyols, amino acids and quaternary ammonium compounds (QACs) such as glycine betaine, alanine betaine, proline betaine, choline O-sulfate, hydroxyproline betaine and pipecolate betaine (Hanson and Wyse, 1982; Rhodes and Hanson, 1993; Carillo et al., 2008; Chen and Murata, 2011) .
Glycine betaine (N,N,N-trimethylglycine), one of the best-studied QACs is synthesized through two steps from Cho oxidation by specific enzymes in plants, mammals, marine invertebrates, bacteria and hemophilic archaebacteria (Rhodes and Hanson, 1993; Takabe et al., 2006; Chen and Murata, 2008) . In plants, levels of GB vary considerably among species and organs, and they increase, translocate and/or show intracellular distributions when subjected to abiotic stress (Storey et al., 1977; Chen and Murata, 2011; Zhang et al., 2012) . Results obtained from studies in natural GB-accumulating and transgenic plants (Robinson and Jones, 1986; Chen and Murata, 2002) show that GB enhances tolerance to abiotic stress mainly through stabilization of complex proteins and induction of ROS-scavenging enzyme genes. The protective effects exerted by GB on the photosynthetic machinery has been extensively investigated under the combined effects of light stress and other kinds of abiotic stresses, such as osmotic stress and chilling and freezing stress (Carillo et al., 2011; Chen and Murata, 2011) . However, no studies have investigated the specific effect of UV-B radiation on GB levels and distribution within plants. As a major abiotic stress, has several effects on the physiology of terrestrial plants as a result of direct photochemical damage to key macromolecules such as proteins and nucleic acids, or as an indirect consequence of the increased production of ROS (Piri et al., 2011) . The degree of damage caused by UV-B depends strongly on the efficiency of constitutive and UV-induced mechanisms of protection and repair, such as the accumulation of UV-absorbing sunscreens and the activation of antioxidant defenses (Mazza et al., 2000) . Mohammed and Tarpley (2013) recently found that exogenous application of GB ameliorated the effects of UV-B irradiation resulting in increased rice yield. Based on these facts, it is reasonable to speculate that GB-accumulating plants growing under elevated UV-B radiation would have an additional strategy to tolerate this abiotic stress. At present there is no information regarding the presence of QACs as compatible solutes in the genus Flourensia, or their potential involvement in the tolerance to UV-B, a main abiotic stress in its natural environment. It could be hypothesized that plants coexisting in xerophytic environments may have evolved common traits that would allow them to endure and reproduce in these harsh conditions. In this sense, a generalized occurrence of QACs within a plant community would emphasize its ecophysiological role in the tolerance of plant species to abiotic stresses.
The present study was aimed at: 1) Assessing the presence, distribution and molecular characterization of QACs in FC and FO species; 2) Evaluating the effects of solar UV-B radiation on QACs content and within-plant distribution in FC and FO plants; 3) Exploring whether the accumulation of QACs may be a widespread adaptive strategy within FC-and FO-dominated communities; and 4) Assessing the presence of QACs in other species of the genus Flourensia.
QACs in general, and specifically GB and its precursor Cho were determined through a screening technique we devised, that involves a fast tissue extraction and TLC analysis. The methodology was conveniently validated for linearity, limits of detection and quantitation, precision, selectivity and accuracy. Molecular forms of detected QACs were studied through chromatographic isolation and spectroscopic identification (LC, 1 H NMR, 13 C-NMR). Evidence of the accumulation of QACs in the plant material from UV-B experiments, was further studied through a combination of TLC and 1 H NMR studies.
Materials and methods

Plant material and study sites
Plant materials were collected in natural areas corresponding mainly to the Punilla Valley, Córdoba province, Argentina, and air dried plant organs were used for subsequent analysis. This hilly area (altitudes between 700 and 1800 MASL) belongs to the northern outcrops of the Sierras Pampeanas. Soils are predominantly of litosolic characteristics (INTA Manfredi, 2006) . Mean annual rainfall in the area is 550 mm, more than 90% of which fall between October and April, resulting in a pronounced dry season from May to September. Mean monthly temperature ranges between 16 and 17°C with an annual amplitude of 14 to 15°C. High and low temperatures, low relative humidity and high irradiances are prominent in the area. The study areas were located in shrub communities (total plant cover~70-90%), dominated by the evergreen shrubs F. campestris Griseb. (FC) and F. oolepis S.F. Blake (FO), and plant material from these communities was collected in late spring (Nov) of 2009 (Nov) of , 2010 (Nov) of and 2011 For the initial assessment of QACs we used pooled samples of plant material collected at 2 different sites for each species: Pintos and El Dragón (FC), and Los Terrones and Los Cocos (FO), all four located in the Punilla Valley.
Plant material of co-dominant and conspicuous native species (Luti et al., 1979; Giorgis et al., 2011) , as well as of the main exotic species invading these natural areas was also collected and analyzed.
FC and FO cohabiting species
2.1.1.1. Native species. Anacardiaceae: Lithraea molleoides (Vell.) Engl. "Molle"; Asteraceae: Acanthostyles buniifolius (Hook and Arn.) R.M. King. and H. Rob. "Chilca", Achyrocline satureioides (Lam.) DC. "Marcela", Ambrosia tenuifolia Spreng., Baccharis articulata (Lam.) Pers. "Carquejilla", Bidens pilosa L. "Amor seco", Eupatorium viscidum Hook. et Arn., Grindelia cabrerae Ariza, Grindelia pulchella Dunal, Heterothalamus alienus (Spreng.) Kuntze "Romerillo", Parthenium hysterophorus L., Viguiera tucumanensis (Hook. et Arn.) Griseb. "Girasolillo", Vernonanthura nudiflora (Less.) H. Rob. f. nudiflora "Falso alecrín", Thelesperma megapotamicum (Spreng.) Kuntze "Te pampa", Xanthium spinosum L. var. spinosum "cepa caballo", Zinnia peruviana (L.) L. "Chinita del campo"; Euphorbiaceae: Croton Baill; Fabaceae: Acacia caven (Mol.) Molina "Espinillo", Apurimacia dolichocarpa (Gris.) Burkart, Collaea argentina Griseb. "Primavera", Sophora linearifolia Griseb. "Sofora"; Rhamnaceae: Colletia spinosissima J. F. Gmel. "Barba del tigre", Condalia microphylla Cav. "Piquillín"; Rosaceae: Kageneckia lanceolata Ruiz and Pav. "Durazno del campo"; Solanaceae: Cestrum parqui L' Hér. "Duraznillo negro"; Ulmaceae: Celtis ehrenbergiana (Klotzch) Liebm. "Tala"; Verbenaceae: Aloysia gratissima (Gillies and Hook. ex Hook.) Tronc. "Palo amarillo"; Zygophyllaceae: Larrea divaricata Cav. "Jarilla".
2.1.1.2. Exotic species. Asteraceae: Carduus acanthoides L. "cardo", Xanthium cavanillesii Schouw. "abrojo grande"; Fabaceae: Robinia pseudoacacia L. "acacia blanca" and Gleditsia triacanthos L. "acacia negra"; Meliaceae: Melia azedarach L. "paraíso"; Moraceae: Morus alba L.; Oleaceae: Ligustrum lucidum W.T. Aiton "ligustro" and Ligustrum sinense Lour. "ligustrina"; Pinaceae: Pinus taeda L.; Rosaceae: Cotoneaster franchetii Bois. "cotoneaster"; Pyracantha atalantioides (Hance) Stapf "crataegus"; Ulmaceae: Ulmus pumila L. "olmo".
Other species of the genus Flourensia
Six additional South American Flourensia species were investigated and collected in their native habitats. Flourensia hirta S.F. Blake (FH, endemic), was collected in La Rioja province (1640 MASL), where it grows as a companion species in different bush-dominated communities (ca. 400 km northwest from Punilla Valley). Flourensia niederleinii S.F. Blake (FN, endemic) was also collected in La Rioja, on the slopes of Sierras de Velazco (1543 MASL), from almost pure stands. Flourensia riparia Griseb. (FR, endemic) and Flourensia fiebrigii S.F. Blake (FF) were collected in the province of Salta (ca. 900 km north from Punilla Valley), (1000 MASL and 3000 MASL, respectively), Flourensia macroligulata Seelgm. (FM) was collected in the province of Jujuy (ca. 1000 km north from Punilla Valley), and Flourensia heterolepis S.F. Blake (FHe) was collected in the neighbor country of Bolivia, in Cochabamba province (ca. 1400 km north from Punilla Valley, 3050 MASL).
Screening technique
Identification of QACs in plant tissues
According to both, the expected QACs content in plants (Hanson et al., 1991; USDA, 2004) and the sensibility of the analysis, 5 g of dry grinded plant tissues were used for QACs identification. Samples were placed into 50 ml centrifuge tubes with 30 ml chloroform plus 10 ml methanol: distilled water (1:1, previously mixed). Tubes were sealed and vigorously shaken for 1 min and immediately centrifuged for 5 min at 3000 g. The clear upper layers (polar fractions) were separated and stored at −20°C until analysis. When necessary, 5 ml of methanol: distilled water was added. We followed Lerma et al. (1988) for the extraction methodology. When plant material was scarce, a micromethod, performed at 1:10 of that described, was suitable as well.
Owing to the high number of known QACs (Rhodes and Hanson, 1993) , the present study was aimed at detecting QACs in general, and specifically GB and its precursor Cho. Standards of Cho chloride and GB hydrochloride were commercially available (Merck). The detection of QACs and specific identification of GB and Cho was performed through TLC on silica gel 60 (Merck, aluminum sheets, F 254 ) using two systems (Fig. 1 ). The first system was developed with methanol: ammonia 0.88 N (7.5:2.5; Solvent 1), as described by Rosenstein et al. (1999) , leading to the separation of free Cho (Rf: 0.05) from GB (Rf: 0.55) ( Fig. 1 , A and C). The second one was developed with methanol: acetone:hydrochloric acid (9:1:0.05; Solvent 2) ( Fig. 1, B and D), a variation of that originally described by McNeil et al. (1999) , which allowed the separation of Cho from the origin of the chromatogram. QACs on TLC plates were visualized as spots after spraying with Dragendorff's reagent.
Method validation
A quantitative estimation of GB and Cho in plant samples was achieved by comparison of TLC spots with standard concentrations of 0.1, 0.3, 0.6, 1.2, 2.5 and 5.0 mg ml −1 (Fig. 1, A) by two independent observers. These concentrations were selected from linearity experiments made from 0.01 to 15 mg ml − 1 , the chosen range having the best regression analysis (r = 0.89). Samples with GB or Cho levels identified in the limits of the calibration curve were conveniently concentrated or diluted. System suitability testing of Dragendorff's stained TLC plates using a standard solution of 1.2 mg ml −1 was performed as already described (Askal et al., 2008) . The precision of the proposed method as determined by replicate analysis (N = 9) was suitable for quality control analysis of QACs. Possible inter-day variation was avoided by using a standard solution with each group of samples. The sensibility for Cho and GB to Dragendorff's reagent was ca. 0.1 and 0.6 mg ml −1 (or mg g −1 DW in samples) respectively, corresponding to ca. 1.0 and 6 μmol g −1 DW in samples, respectively. A counterstaining of Dragendorff's stained TLC plaques with I 2 vapors increased the sensibility of the assay by 2-fold (0.5 and 3 μmol g −1 DW for Cho and GB, respectively) ( Fig. 1, C and D) . The achieved sensibility was at least 5 times higher than that reported in the original work of Storey and Wyn Jones (1975) which used different TLC solvents and supports.
In order to validate the specificity and accuracy of the methodology, plant species with known concentrations of QACs [soybean seeds (Cho) and spinach leaves (GB); USDA, 2004] were also processed (see Fig. 1 , A-D). Further validation of the screening technique was obtained through the isolation (CC) and molecular characterization ( 1 H NMR) of QACs from FC and FO as detailed below. In UV-B experiments, each sample was analyzed and quantified through both TLC and 1 H NMR, and thus additionally validated.
Isolation and molecular characterization of detected GB
In order to confirm the molecular form of GB identified by TLC, plant extracts were subjected to CC and spectral analysis. Polar fractions obtained from 10 g of dry leaves (as described above) were dried at 40°C with nitrogen flow, yielding a dark green residue (ca. 150 mg). The residue was suspended in 1.0 ml of Solvent 1 and fractionated by silica gel CC (1.0 cm i.d., 25 cm; 20 g silica gel 60 Merck (70-230 mesh)) eluted at a flow rate of 1 ml min −1 using the same solvent. The collected 1 min fractions were subjected to TLC using Solvent 1 and revealed with Dragendorff's reagent. A duplicated TLC plate was visualized under UV 254 and stained with I 2 vapors in order to identify possible contaminations. Isolated GB-rich fractions (Fr. 46-60, ca. 15 mg) were pooled, dried and suspended in 1 ml of methanol; contaminants were removed using a 1 ml CC through washing the sample with pure methanol. In the plant materials tested (FC and FO), the procedure yielded ca. 0.05% (DW basis) of a colorless syrup containing an isolated compound that co-migrated with pure GB through TLC (Rf = 0.55, Solvent 1) stained with Dragendorff's reagent and/or with I 2 vapors.
The isolated QAC was subjected to 1 H NMR as previously described (Silva et al., 2012) . Briefly, 1 H NMR (400 MHz), 13 C-NMR (100 MHz), DEPT, HMBC and HSQC spectra were recorded at room temperature with Bruker AC 400 spectrometer. The spectra were recorded in DMSO-d 6 and the solvent signals (2.50 ppm for 1 H NMR and 39.52 ppm for 13 C-NMR) were used as references (Gottlieb et al., 1997) .
Assessment of QACs in plant extracts by 1 H NMR
1 H NMR spectra were obtained from plant materials prepared as described previously (Silva et al., 2012) , and dissolving dried sample extracts in D 2 O:MetHO-d 4 (1:1). A dominant singlet (peak) assignable to the authentic GB methyl groups [R-N(CH 3 ) 3 ] detected at 3.28 ppm was controlled in all the spectra and used for the assessment of changes in QACs composition. For quantification, the integration of the singlet versus a constant signal in all samples at 1.35 ppm was used, and results were expressed as a relative concentration of GB in each sample.
QACs in FC and FO
The concentration of QACs in FC and FO was evaluated in: a) different organs, b) leaves from vegetative vs. leaves from reproductive branches (hereafter vegetative and reproductive leaves, respectively), and c) seedlings as compared to adult plants.
UV-B radiation effects on Flourensia QACs
Controlled field experiments were carried out in order to test whether solar UV-B radiation induced QACs' changes in Flourensia. Seedlings were obtained from mature seeds collected from plants growing in natural areas. After acclimation, 25 seedlings of each species (FC and FO) were grown in the field under aluminum frames covered with plastic films that either had very high transmittance over the whole UV spectrum (+UV-B, near-ambient UV-B treatment: 0.02 mm thick polyethylene film, Rolopac, Buenos Aires) or selectively attenuated the UV-B component of sunlight (− UV-B, attenuated UV-B treatment:0.1 mm thick clear polyester, Oeste Aislante, Buenos Aires). Both films have very high transmittance in the UV-A (N80%) and PAR (90%) regions of the spectrum (for spectral scans and details, see Ballaré et al., 1999 and Mazza et al., 2000) . The biologically effective daily UV dose, calculated using the generalized plant action spectrum of Caldwell (1971) normalized at 300 nm, was 9.2-10 kJ m −2 . The natural UV-B dose during summer was 9.2 kJ m −2 . The filters were kept at a short distance (ca. 10 cm) from the upper canopy leaves and plants were watered as needed in order to maintain adequate water supply. Temperature was monitored throughout the experiment using an infrared thermometer; no consistent differences were found in soil or canopy temperature between UV-B treatments (data not shown). There were two sets of experiments during the summer of 2008-2009, with three filters for each experimental treatment. The height, stem base diameter and number of leaves of the seedlings were recorded throughout the experiments (3 months).
After harvest, seedlings were dried at 40°C for 48 h. Due to the small size of the plants we used the micro-extraction method, and processed through TLC and 1 H NMR as described in Sections 2.2.1 and 2.4, respectively.
2.7. QACs in Flourensia community co-occurring species and in other taxa of the genus A total of 39 co-occurring species from Flourensia dominate communities (28 natives, 11 exotic invaders; see Section 2.1.1) integrating FC and FO communities in the Punilla Valley, as well as six other South American Flourensia species (FH, FN, FR, FF, FM and FHe) with distant geographical distribution, were screened for QACs for the first time; the only exception being the known GB accumulator Larrea tridentata. All independent samples were processed in triplicate through the TLC screening method as described in Section 2.2.1.
Data analysis
Owing to the known variability of GB among plants, even within a same population, quantitative results were obtained from at least three to five independent samples. One way ANOVA or Mann-Whitney nonparametric test for the significance of the difference between the distributions of independent samples for ordinal data were applied.
Results and discussion
QACs in FC and FO
By means of chromatographic and spectral studies we demonstrated that both Flourensia species are natural GB accumulators. FC and FO revealed the presence of two QACs: a betaine and free Cho (Table 1) . No other QACs could be detected in these species. The same betaine was found in all the organs of FC and FO, having Rf = 0.55 (Solvent 1), co-migrating with the betaine of spinach extracts (a natural GB accumulator) and confirmed later as GB through chromatographic isolation and spectroscopic analysis (Fig. 2) . Despite the variability observed, FO generally showed higher contents of GB than FC, with values falling within those normally found in spinach (in the order of 50 μmol g −1 DW). Both species exhibited similar patterns of GB distribution among plant organs, the highest levels being found in capitula, followed by leaves, shoots, roots and seeds (Table 1) . The levels and distribution of GB among the different plant organs in FC and FO coincided with those early reported for well-known GB natural accumulators (Hanson and Wyse, 1982) . The high content found in the capitula was in agreement with previous reports in transgenic (Sulpice et al., 2003; Park et al., 2007) and natural GB accumulators (Bhuiyan et al., 2007) . Genetic engineering of GB synthesis has proved to enhance the formation of flowers in salt-stressed Arabidopsis (Sulpice et al., 2003) , protect seeds, vegetative organs, and flowers from chilling injury in tomato (Park et al., 2007) , and increase the tolerance of plants to various kinds of stresses during germination and seedling growth (Chen and Murata, 2002; Ashraf, 2009 ). The high levels of GB found in reproductive organs of Flourensia should therefore be involved in protecting the development/formation of flowers and seeds against abiotic stresses, the specific effect remaining to be determined.
In natural GB accumulators, a large proportion of free Cho is diverted to the production of GB in response to stress. Since the early work of Hanson and Wyse (1982) most studies have shown that GB in flowers arises from Cho enzymatic oxidation in mature leaves which is afterwards translocated via phloem to the reproductive organs and roots (Mäkelä et al., 1996; Park et al., 2007) . In contrast, the capitula of both Flourensia species also contained detectable levels of free Cho (Table 1) . This finding, together with the fact that the biosynthetic enzymes of GB, choline monooxygenase (CMO) and betaine aldehyde dehydrogenase (BADH) were found in all the organs of a natural GB accumulator (Bhuiyan et al., 2007) , would allow to speculate that GB concentration in the capitula of Flourensia may depend on both, what is translocated via phloem, and what is locally synthesized. As the reproductive stage is a critical one in commercial crops, there has been an increased interest in obtaining genetically-engineered plants containing transgenes for GB production that would produce sufficient amounts of this compound to ameliorate stress effects; however results so far show limited success (Nuccio et al., 1998; Huang et al., 2000; Ashraf and Foolad, 2007) . In this scenario, the study of the biochemical pathways present in FC and FO implicated in the synthesis of high levels of GB together with free Cho may have important biotechnological application, particularly where lack of the precursor Cho and/or the specific enzymes may pose serious limitations.
The content of GB in vegetative leaves was at least 30% higher than that found in reproductive leaves (data not shown). In vegetative branches, leaves producing GB persist on the plant for an extended period of time, sometimes even overwintering. Conversely, the reproductive leavestypically 5 to 7which act as the main source of growth of flowers and seeds, senesce much sooner, almost concomitantly with seed filling (data not shown). Hence, the lower concentration of GB found in the leaves of reproductive branches could be the result of its continuous translocation toward reproductive organs (flowers, flower structures and seeds), as was also documented in other species (Cromwell and Rennie, 1953; Chen and Murata, 2011) . In seedlings of FC and FO, harvested from natural areas or grown under +UV-B filters, the amount of GB in leaves and shoots was significantly lower than in adult plants growing together in the same natural environments (Table 1) . As in adult plants, FO seedlings tended to show higher amounts of GB than FC seedlings, and higher levels of GB in leaves compared to shoots and roots (Table 1) .
Although contrary to our expectationssince plants at the seedling stage are most vulnerable to abiotic stressesour results coincide with the findings of Cromwell and Rennie (1953) . These authors showed that in the GB accumulators Beta vulgaris and Amaranthus caudatus, GB levels increased throughout the vegetative period, reaching a maximum at the time of flowering. Our results and those of Cromwell and Rennie (1953) may support the notion that maximum GB production is attainable only when plants reach an advanced stage of development, which in turn may reflect the acclimation of plants to repetitive episodes of stress (Krasensky and Jonak, 2012) . Further studies should be performed in order to test plant responses at different developmental stages, and caution should be posed when interpreting and extrapolating results derived from experiments carried out with seedlings only.
UV-B radiation effects on Flourensia QACs
Plant exposure to high doses of solar UV-B (+UV-B) reduced seedling height in 20% for FC and 25% for FO (p b 0.05, Silva et al., personal communication) , findings which were similar to those already reported (Ballaré et al., 1999; Zavala and Ravetta, 2002; Piri et al., 2011) . No changes were detected in stem base diameters (around 2-3 cm) or in the number of leaves (around 11-13 leaves).
UV-B radiation promoted significant GB organ-specific changes in both Flourensia species. The exposed (+UV-B) leaves of FC and FO, as expected, showed GB values very similar to those measured in seedlings of similar age growing in natural areas, and were therefore showed once (Table 1) . Instead, GB values found in the leaves of seedlings protected from UV-B exposure (− UV-B) were significantly higher (p b 0.01), while those found in roots were significantly lower (p b 0.05, Table 1 ). In shoots of both species no significant changes could be observed between treatments. No other QACs were induced as a result of UV-B treatment as tested by TLC and 1 H NMR. In a recent paper, Mohammed and Tarpley (2013) showed that exogenous application of GB to young rice plants growing under UV-B lamps at a dose equivalent to the one experienced by Flourensia in our experiments (10 kJ m 2 ), increased leaf photosynthetic rate, pollen viability and leaf phenolic concentration (cf. to untreated plants), resulting in increased rice yield under UV-B stress conditions. Although these esults demonstrate the beneficial effects of GB ameliorating the deleterious effects of UV-B, so far the effects of UV-B radiation in regulating endogenous levels of GB has never been addressed before.
Our results show, for the first time, that solar UV-B is indeed involved in regulating GB contents and within-plant distribution. From the growing evidence of the role of GB in protecting plants against oxidative stress, we anticipated that under solar UV-B seedlings would exhibit higher contents of GB. Contrary to our expectations, GB contents in leaves of + UV-B seedlings were 70% lower than those in − UV-B plants. Moreover, GB content in −UV-B seedling leaves attained values similar to those found in leaves of adult plants. As the decrease in the content of leaves GB in +UV-B experimental treatment was not accompanied by any detected increase in the content of free Cho, a possible effect of UV-B on the inhibition of CMO and BADH enzymes was primarily discarded. It can be hypothesized that the lower levels found in UV-B exposed leaves may be explained by a reduction of GB synthesis due to the prioritization of the (competitive, Kennedy pathway) production of phosphatidylcholine (PC). In this sense, Carillo et al. (2011) also found a decrease in GB levels in the leaves of Triticum durum exposed to high light stress (900 μE; no UV-B) relative to those that received lower doses of light; which they attributed to an inhibition of GB synthesis. Exposure of plant tissue to UV-B and high irradiances generates reactive oxygen species (ROS), and lipids are known to be a main target of H 2 O 2 , producing lipid peroxidation (Allan and Fluhr, 1997: AH-Mackerness et al., 2001; Dawar et al., 1998; Bassman et al., 2001) . PC is one of the most abundant phospholipids present in plant cell membranes, thus its peroxidation would trigger an increased rate of biosynthesis in order to replace this essential phospholipid and maintain cell membrane integrity and function. Lo et al. (2004) have demonstrated that sublethal doses of UV-B up-regulate a specific phospholipase, which preferentially deesterifies PC. Bavaro et al. (2007) found that the production of PC is enhanced under osmotic stress, which also generates H 2 O 2 and produces lipid peroxidation as well.
Phosphoethanolamine (P-EA) is the common precursor of two alternative pathways leading to the production of either PC or Phosphocholine (PCho) and subsequent production of free Choline and GB. In addition, in plants it has been demonstrated that PCho-Choline is a reversible reaction and that PCho may also be driven to PC formation through two enzymatic reactions. Taking all these into consideration, the hypothesis that UV-B is involved in the regulation of GB production is plausible. Although this mechanism would be linked to the rate of PC peroxidation, from direct UV-B increased phospholipase activity, other direct effects on this biosynthetic pathway cannot be ruled out. Confirmation of this hypothesis deserves further investigation. Interestingly, GB system has been proved to be differentially affected by individual types of abiotic stress (Chen and Murata, 2011) , a specific example of that giving by the report of Abdul Jaleel et al. (2007) , where GB increases together with lipid peroxidation in response to salt stress.
Our results also showed that UV-B changed GB distribution within seedlings, inducing a 4-fold increase of GB in the roots as compared to those in − UV-B plants. Translocation of GB from the leaves to roots, as well as GB-activated biosynthetic related enzymes in the roots of several natural accumulators has also been observed in plants subjected to various types of stresses (Hanson and Wyse, 1982; Bhuiyan et al., 2007; Hattori et al., 2009) . The presence of compatible solutes in the roots would allow the maintenance of tissue water potential compatible with cell elongation and growth. The concentration of GB found in FC and FO roots, however, would not contribute substantially to lower the osmotic potential. In turn, increased GB content in the roots may play a critical role in preventing the accumulation of ROS in the cell walls, as proposed by Einset et al. (2008) in Arabidopsis. In a related work, Einset and Connolly (2009) were able to identify eleven 'GB-upregulated' stress tolerance genes in Arabidopsis, hence, cross-talk between different stress related pathways cannot be ruled out.
Our controlled UV-B experiments, set up in the same natural environment where these species grow, clearly show that solar UV-B is involved in regulating GB contents and within-plant distribution in FC and FO seedlings.
QACs in Flourensia co-occurring native and exotic species
Plants growing in the same or similar environments may display similar functional and physiological traits. In this sense, the production of certain types of osmoprotectants could be regarded as a functional trait for plants growing in harsh environments. Although results derived from halophytic communities would support this notion (Stewart et al., 1979) , community-level studies comprising xerophytic (non halophytic) environments are limited.
Our results show that in FC-and FO-dominated communities the accumulation of QACs may be a widespread adaptive strategy. By using the described TLC methodology we were able to detect the presence of QACs in the leaves of 41% of Flourensia (FC and FO) co-occurring species (N = 39, Table 2 ). Fifty percent of the native plants studied were found to accumulate QACs in their leaves, either as GB or other QACs, while only 18% of the exotics were determined to accumulate "other QACs". GB was the main QAC present and was detected in 8 of the 14 native natural QAC accumulators (57%), with concentrations ranging from 12 to 75 μmol g −1 DW, while no exotic species accumulated GB (Table 2) . These results are contrary to those reported by Ghayal and Dhumal (2011) for a xerophytic community in Pune (India) in which they found that QACs, and specifically GB, were more frequently found in exotics as compared to native plants. Free Cho was only found in the seeds of the exotic invader G. triacanthos, at concentrations of 8 ± 2 μmol g − 1 DW (Table 2) , together with a high concentration of PC in the non polar fraction as well (data not shown). The remaining QAC accumulators exhibited other compounds that could not be identified as GB or Cho; the only exception being A. tenuifolia that accumulated both, GB and another QAC ( Table 2) .
The observation of the TLC plates after staining with Dragendorff's reagent counterstained with I 2 , or with I 2 alone, and under UV light, allowed a visual discrimination of the different compounds present in each species and a further comparison of the measured Rfs relative to free Cho and GB standards. This is exemplified in Fig. 3 for a selected number of species that encompass the diversity of QACs compounds found in this study, in which a couple of non QACs accumulating species were also included as reference. As shown in Fig. 3 we were able to detect at least nine different QACs species, although GB was by far the most abundant compound within QACs accumulators (53:47). Betaines have been shown to have taxonomic value for some families, such as Poaceae, Chenopodiaceae and Lamiaceae (Wyn Jones and Storey, 1981; Blunden et al., 1996) ; however the presence of QAC accumulators and non-accumulators within genera has also been reported (Rhodes et al., 1987; Chen et al., 2007) . In the Flourensia communities studied no clear associations could be identified between QAC accumulators and particular taxonomic groups. However, it is interesting to note that GB was the only compound present in all native Asteraceae species found to be QAC accumulators (Table 2) , except for A. tenuifolia in which another QAC entity was also detected (lane 6, Fig. 3-A) . V. tucumanensis and A. tenuifolia (lanes 4 and 6, Fig. 3-A) , and G. pulchella exhibited the highest values of GB (62 ± 7 μmol g −1 DW), followed by B. articulata, G. cabrerae and P. hysterophorus (38 ± 7 μmol g − 1 DW), while X. spinosum fell in the lower range (18 ± 4 μmol g −1 DW) ( Table 2) . The other species shown to accumulate GB was L. tridentata, which belongs to Zygophyllaceae (Table 2) .
Although no obvious pattern could be detected in the "other QACs" accumulating species, some of them shared Dragendorff 's positive colored bands with very similar Rf values, that could be assignable to common QAC entities ( Fig. 3-A) . A similar QAC (Rf = 0.45) was found in four natives: Colletia spinossisima (Rhamnaceae, lane 5), C. macrostachyus (Euphorbiaceae, lane 10) and C. argentina and A. dolichocarpa (Fabaceae, lanes 12 and 13; respectively). The same compound was also revealed in these species under UV light ( Fig. 3-B ). Another entity with Rf = 0.25 was visible in two Asteraceae species (Fig. 3-A) , the native A. tenuifolia (lane 6) and the exotic Carduus achanthoides (lane 11).
While most species accumulated just a single compound, others showed 2 to 5 different entities. The larger diversity of compounds was found in S. linearifolia with multiple red colored bands, which based on the Rfs obtained could be associated to 5 different compounds ( Fig. 3-A, lane 9) . Fig. 3 also depicts the remarkable array of compounds that did not stain positive with Dragendorff's reagent, but could be detected either under UV light and/or when stained with I 2 alone (Fig. 3, cf. A, B and C, respectively). As exemplified in Fig. 3, for At the family level, studied Fabaceae have been typically characterized as QAC or non QAC accumulators (e.g., Medicago sativa or Glycine max, respectively; Nishimura et al., 2001) . In the Fabaceae investigated from these communities, the three native woody-herbaceous species (Collaea argentina, A. dolichocarpa and S. linearifolia) were found to accumulate QACs, other than GB, while the woody species (1 native and 2 exotics) were non QAC accumulators. Our results from Grindelia spp. also support the notion that QACs distribution in nature is not necessarily genus-specific, the native G. pulchella and G. cabrerae in these communities exhibited high contents of GB, whereas in Grindelia humilis no QACs were reported (Rhodes et al., 1987) .
Overall results strongly suggest that accumulation of QACs in these xerophytic plant communities may be an adaptive strategy to withstand abiotic stresses, enhancing plant survivorship under harsh environmental conditions. In this regard, previous studies have shown that GB accumulators such as Baccharis, Grindelia, and Larrea species can grow and survive under severe abiotic stress (Ogle and Reynolds, 2002; Zavala and Ravetta, 2002; Medeiros and Pockmand, 2011) .
QACs in other species of the genus Flourensia
All the South American species of Flourensia studied (FH, FN, FR, FF, FM and FHe), including FC and FO were found to be GB natural accumulators ( Fig. 4-A) ; the highest content of GB in leaves was observed in FR (90 ± 9 μmol g −1 DW) and the lowest, in FH (14 ± 5 μmol g −1 DW). No other QACs were detected in the leaves of any of the Flourensia species tested. Using the TLC polarity system devised, GB was the only compound shared by all the species as revealed by UV light (not shown) or with I 2 (Fig. 4-B) . The presence of GB in eight of the eighteen (44%) South American Flourensia species described (Dillon, 1984) suggests that this chemical character may be of taxonomic value for the genus.
Dillon based the grouping of Flourensia species primarily on the comparison of exomorphic features and partial phytochemical data. In his phylogram, South American taxa are divided into three weakly differentiated lines; while our studied species are present in two of them. In a previous work, the bioactive sesquiterpene (−)-hamanasic acid A originally isolated from FC, failed to serve as a chemotaxonomic marker, as it was only detected in three (FC, FO and FF) of the six Flourensia species investigated (López et al., 2013) . Again, it is interesting to note that no other shared compound could be detected among these species by means of different TLC polarity ranges as revealed through general methods (UV and I 2 ). This is in agreement with previous work for the genus in which despite some molecules and structural types such as prenylflavonoids and benzofuran derivatives (Bohlmann and Jakupovic, 1979; Bohlmann et al., 1984; Uriburu et al., 2004 Uriburu et al., , 2007 Rios et al., 2013) , together with similar surface deposited and volatile mono and sesquiterpenes (Silva et al., 2012; López et al., 2013; Urzúa et al., 2007; Priotti et al., 1997; Estell et al., 1994) are repeatedly found among some of the species, the presence of a single compound implying chemosystematic correlations could not be detected. As far as we reviewed, GB would represent the first chemotaxonomical character identified in the genus Flourensia.
Despite the fact that the genus has a wide range of distribution, all species typically grow in xeric environments characterized by multiple abiotic stressors, such as high irradiances and elevated solar UV-B, droughts, high temperature amplitude and poor soils. Hence, the presence of GB in all the species of Flourensia may have a putative role in the genus, intimately related with the tolerance to abiotic stress, and with the ecophysiological adaptations of these species. Future phytochemical studies comprising the screening of GB in the vast majority of species within the genus will certainly provide new insights for a revision of species composition within lineages.
Concluding remarks
We have demonstrated the presence of GB in FC and FO, at concentrations and plant distributions similar to other QAC accumulators. Detectable levels of free Cho were found in capitula of Flourensia suggesting a local, putative GB synthesis. Overall results signal QACs (and GB) to be involved in the tolerance of Flourensia genus to oxidative stress, specifically to UV-B radiation. Our controlled UV-B experiments, set up in the same natural environment where these species grow, clearly show that solar UV-B is involved in regulating GB contents and within-plant distribution in FC and FO seedlings. Despite the consequence of this finding not being addressed in this work, a shift to higher contents of compatible solutes in the roots would play a critical role in preventing the accumulation of ROS in the cell walls.
In FC and FO communities QACs were detected and described for the first time in 41% of co-occurring species (N = 39), 14 of 28 natives (50%) and 2 of 11 exotics (18%), being GB in 57% of the native QAC accumulators. GB showed genus specificity since it was detected in all of the South American Flourensia species investigated (8 of 18; 44%), regardless of their geographic distribution: F. hirta, F. nienderleinii, F. riparia, F. fiebrigii, F. macroligulata and F. heterolepis; after which we propose GB as a chemotaxonomic marker for the genus Flourensia.
Overall results signal QACs (and GB) to be involved in the tolerance of Flourensia genus to abiotic stress, and specifically to UV-B radiation. In addition, the fact that QACs were found in 50% of the dominant native xerophytes studied strongly suggests that QACs accumulation may represent a community-level adaptation to abiotic stress in xeric environments. The application of the simple and fast screening technique we devised may facilitate and accelerate the acquisition of new data in multiple species and environments.
